Abstract. Conductivity is regard as a key technical parameter in modern intensive fish farming management. The water conductivity sensors are sophisticated devices used in the aquaculture monitoring field to understand the effects of climate changes on fish ponds. In this paper a new four-electrode smart sensor is proposed for water conductivity measurements of aquaculture monitoring.The main advantages of these sensors include a high precision, a good stability and an intrinsic capability to minimize errors caused by polarization. A temperature sensor is also included in the system to measure the water temperature and, thus, compensate the water-conductivity temperature dependence. The prototype developed is appropriate for conductivity measurement in the range of 0-50mS/cm, 0-40 ℃. A cure relationship was found between the out-put value of each standard solution measured by the sensor and the electric conductivity concentration.
Introduction
As we all known, fish require levels of salinity (salt), hardness (Calcium and Magnesium) and low levels of various nutrients like Phosphorus, Ammonium and nitrate to maintain their daily lives. Therefore, understanding the concentrating of these ionized chemicals in water of fishponds is critical to successful aquaculture.
Electrical conductivity is commonly used in hydroponics, aquaculture systems to monitor the amount of salts, nutrients or impurities in the water [1] . The nominal values of water-conductivity are generally used to measure the concentration of ionized chemicals in water, though it does not distinguish individual concentrations of different ionic chemicals mixed in water. Water-conductivity measurements are of paramount importance in water-quality monitor of aquaculture since high or low conductivity levels, relative to their nominal values, can be used to detect the environmental changes of aquaculture fishpond.
Temperature is also an important variable when conductivity measurements are concerned. Temperature is itself a water quality parameter and an influence variable that affects conductivity measurements [2] . For raw water the temperature coefficient is about 2% per ℃. This means that acceptable conductivity measurement accuracy implies temperature measurement in order to obtain a temperature compensated conductivity measurement for a given reference temperature, typically 25 ℃ or 20 ℃. [3] There are two main types of conductivity sensors: electrode (or contacting sensors) and toroidal or inductive sensors [4] [5] [6] . Electrode sensors contain two, three, or four electrodes. The conductivity (σ) is directly proportional to the conductance (1/R). The proportionality coefficient (KC) depends on the geometry of the sensor that must be designed according to the target conductivity range [7] [8] . Toroidal or inductive sensors usually contain two coils, sealed within a nonconductive housing. The first coil induces an electrical current in the water, while the second coil detects the magnitude of the induced current, which is proportional to the conductivity of the solution. [9] As far as water conductivity measurement by electrodes is concerned, several solutions have been proposed [ 10 ] , and many commercial types of equipment are available from many manufacturers [11][12] . Well known limitations of a two or three electrodes sensor have been identified in literature [ 13 ] --The main problems associated with water-conductivity measurements are sensitivity to polarization effects in the situation of long time power, measurement selectivity, and too expensive price to application of aquaculture in china. Also this measurement solution implies a large number of repeated calibration procedures are required as the fouling drawback. In this paper, the attention is focused on the smart four-electrode conductivity sensor for water-quality monitoring in aquaculture. The main advantages associated with the designed sensing unit are its high precision, an intrinsic capability to minimize errors caused by polarization. Another important advantage of the proposed solution for conductivity measurements are its simple, accurate method of temperature compensation, good linear behavior that enables the calibration of conductivity sensor to have the better accuracy by using several standard solutions. This paper includes the design of water-conductivity measurement hardware, description of temperature compensation, calibration of conductivity sensor and capability test experiments of the developed prototype.
Design of the Four-Electrode Conductivity Sensor
The intention of this part is to present and characterize a prototype for waterconductivity measurements based on a four-electrodes sensing unit which using in the aquaculture. The smart sensor also includes a temperature sense part to provide compensation of conductivity measurements caused by temperature variation.
Principle of measurement
For sensing water conductance, metal-solution interface modeling should be taken into account as shown in Fig. 1 [ 14 ] [ 15 ] . Assuming the behavior of electrolyte resembles a pure resistor and neglecting the polarization, the charge transfer back and forth the interface results in the reduction-oxidation reaction, and the double layer capacitive effects caused by charging of the electrode-solution at the interface. The two processes can be modeled as a resistive (R CT and Z W ) and a capacitive (C DL ) component in parallel. The charge transfer resistance R CT is highly nonlinear and depends on both the concentration of ions in the solution and the applied potential. The Warburg impedance Z W is due to the ion diffusion process in proximity to the interface. The double layer capacitance C DL depends on the material of the electrodes and on the ion concentration, with typical values in the range 10-40μF/cm 2 . To minimize these factors, a four-electrode cell was projected and implemented. This type of cell is like a four-terminal precision resistor: Two electrodes are used to force a uniform time varying electric field and the other two measure the voltage.
Four-electrode water-conductivity sensors are widely used to reduce contact and interface interference in conductance measurements [16] . The primary advantage is that the current and voltage electrodes of sensors are separated, eliminating the contribution of wiring impedance and contact resistances R S as illustrated in Fig. 2 . While the alternating current running through two connections, C and D, a voltage drop can be measured across the impedance Z x by voltage sensing in A and B connections. Disregarding wiring resistances, sensed impedance can be determined by Ohm's law as the current is known. The approach, based on current-forcing and voltage-sensing, is particularly suited for the water-conductivity sensors which are used to eliminate polarization and fouling effects in aquaculture. Fig. 2 . Impedance sensing by four terminal sensing technique.
Design of the hardware
The structure of intelligent water-conductivity sensor mainly contained excitation current source model, constant-current source, conductivity measurement system, temperature sensor, signal conditioning model, power source model, RS485 field bus, microprocessor and Sensors Electronic Data Sheets (TEDS), hardware structure is shown in Fig. 3 . Excitation current source generates equal and opposite current by means of a dual, bidirectional and single-pole/double-throw (SPDT) CMOS analog switches. It is of paramount importance in water-conductivity sensing unit. Constant current source is used to avoid the fluctuations of output current due to the change of load variations. The system is proposed in this paper adopts the following circuit as shown in Fig. 4 . The alternating current via two excitation electrodes EI1 and EI2,hence magnetic field is generated in solution, a voltage drop can be measured across the measure electrodes EV1 and EV2. Alternating voltage transform to direct current by signal conditioning model. Standardized RS-485 interface is integrated with and possesses self-recognition capability provided by its TEDS. Power source model ensure each model fully functional at supply voltages.
A negative temperature coefficient thermistor precision achieved 0.1℃ is adopted to temperature sensing unit.
Temperature compensation
Temperature compensation is of important to water-conductivity measurement as well. Generally, the conductivity of common electrolytes increases with increasing temperature. In this paper, a valid temperature-compensated method by software is given out.
The measurements for different concentrations of KCl confirm the linear variation of the conductivity with temperature: 
Experiment
The basic experiments were conducted to evaluate the characteristics of the waterconductivity sensor. All solutions were prepared with distilled water and analytical grade chemicals. The KCl solutions of different electric conductivity were prepared. All experiments were carried out in the lab. In addition to distilled water, five KCl solutions of different concentrations are presented as standard solutions to calibrate the water-conductivity of the sensor. They are 4.6mS/cm, 10.4mS/cm, 20.7mS/cm, 32.1mS/cm and 52.6mS/cm.
After the calibration was completed, measurements are repeated 10 times in standard solutions of 4.10mS/cm and 9.20mS/cm every ten minutes to test the reproducibility of sensor. Besides, the experiments of accuracy analysis, stability test and effect of temperature compensation have be done by measure different conductivity KCl solutions.
Result and discussion
The results of experiments were listed to evaluate the characteristics of the waterconductivity sensor at this part. By these experimental data, the characteristics of conductivity curve, reproducibility, accuracy, stability and effect of temperature compensation are verified.
Water-conductivity sensor calibration
The curvilinear relation of out-put voltage values changing with different of conductivity at the reference temperature(20℃) is presented respectively in Fig 5. The conclusion that a better measurement effect the sensor has when the conductivity is lower than 32.1mS/cm, a low resolution at 32.1mS/cm to 52.6mS/cm the sensor has can be draw from the Fig.5 . It indicates that the low sensitivity the sensor has when the water-conductivity is higher than 32.1mS/cm. Fig. 6 shows the results of repeatedly measuring the water-conductivity of the sensor. As the Fig. shows , the measurement reproducibility is very high and the absolute measurement error is between -0.04~ +0.05 for these samples. 
Reproducibility of the sensor

Accuracy analysis
Measurement accuracy reflects the closeness between the measurement result and the true value of the measure. Table 1 shows the results of continuous monitoring of KCl standard solutions (0.5, 10.0, 20.7, 32.1 and 50.0mS/cm) with the sensor. As the table shows, the measurement accuracy is very high and the relative measurement error is within ±1.5% for all these samples. 
Stability test
Generally stability refers to the ability of metrological characteristics of the measuring instrument does not change with time. Fig. 7 shows the results of measuring the water-conductivity of KCl standard solution (4.20mS/cm, 9.20mS/cm) using the sensor. Measurements of one half day at 5 min intervals were recorded. Results show no significant change and the variation is within ± 0.2mS/cm for each samples. The sensor gives a stable output value. 
Effect of temperature compensation
The effect of temperature compensation in accordance with the method mentioned in this paper is shown in Fig. 8 . Measurements of one half day at 5 min intervals were recorded for KCl standard solution of 4.20 and 9.20mS/cm. As the Fig. shows , the effect of temperature compensation is relative effective at 0~30℃, however, the values of measured conductivity are absolutely lower than the actual value at 40 ℃. The data indicates that the method of temperature compensation have a certain error when the temperature above 30℃. 
Conclusion
The proposed prototype is an attractive solution for water quality measurements systems in fishery. The sensor is based on a novel four-electrode conductivity cell that eliminates errors caused by fouling and polarization. Main characteristics of the proposed prototype include an automatic temperature compensation of conductivity measurements, a low sensitivity to disturbances caused by electrolytic polarization, double layer. Measurement system's conditioning signal circuitry and digital signal processing assure an appropriate conductivity measuring range, good measurement reproducibility, accuracy and stability. Future works will focus on improving the resolution at the solution of high conductivity so that expanding measurement range, in addition, a more simple and effective method of temperature compensation needs to be presented.
